Metastasis to the skull is clinically important, but routine MR imaging offers moderate sensitivity for skull-metastasis detection in our experience. We sought to determine if diffusion-weighted MR imaging (DWI) could improve the detection of skull metastasis in patients with primary carcinomas that metastasized to bone compared with conventional MR imaging.
D
etection of skeletal metastasis is important in cancer staging and occurs most often in the presence of breast, lung, or prostate malignancy. The incidence of skull metastasis in a susceptible patient is high enough that a radiologist should be aware of its potential presence on brain imaging. Tofe et al 1 showed a skull metastasis incidence rate of 23% in patients with breast, lung, or prostate cancer who underwent radionuclide bone scanning (RNBS), and the skull may be the only site of bony metastasis in up to 11.6% of patients. 2 Due to the limited sensitivity of conventional MR imaging for skull metastasis in our experience, it is likely that these lesions are frequently missed in patients undergoing central nervous system (CNS) staging studies.
Diffusion-weighted MR imaging (DWI) is sensitive to the diffusion of protons and was used initially in the assessment of acute ischemic stroke. 3, 4 DWI has also been used for a wide range of other pathologies including metastasis to vertebral bodies, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] though there has been controversy on this subject. 18, 19 DWI may be helpful to differentiate pathologic compression fractures related to metastases from benign osteoporotic compression fractures. Histopathologic specimens have shown a different composition of bone marrow in metastatic fractures so that attenuated infiltration of malignant cells results in decreased extracellular diffusion relative to bone marrow edema. 8 We hypothesized that DWI may improve the detection of skull metastasis. Similar to the detection of metastasis in the spine, increased sensitivity may exist for the detection of a DWI hyperintense metastasis in the skull related to the normal hypointense background when compared with conventional MR imaging. We sought to determine if DWI could improve the detection of skull metastasis in patients with primary carcinomas that metastasize to bone.
Materials and Methods

Patient Selection
Approval was obtained from the institutional review board. We intended to find patients with skull metastasis who had a RNBS and DWI within a 6-week time interval for comparison. We reviewed the electronic medical records of 1000 patients of all ages, both male and female, with primary solid tumor outside the CNS, from the tumor registry of our institution between 1998 and 2004. Subjects were selected from these years so that all studies would be available on PACS. Inclusion criteria were the following: 1) RNBS (gold standard) included imaging of the skull; 2) brain MR imaging including DWI, T1-weighted imaging (T1WI) without and with gadolinium, fluidattenuated inversion recovery (FLAIR) imaging, and T2-weighted imaging (T2WI); 3) the above listed MR imaging sequences were performed within 6 weeks of RNBS.
From the tumor registry list, 38 patients had abnormal uptake in the skull on RNBS according to the nuclear medicine radiologist's report and met the 6-week interval criterion. Thirty-eight additional patients who met the inclusion criteria and who had no abnormal uptake on RNBS were included as control subjects. The study, therefore, began with 76 patients. However, 1 patient in the control group was later excluded on the basis that the conventional MR imaging was technically inadequate. Therefore, 75 patients were enrolled in the study.
Imaging
MR imaging was performed on a 1.5T whole-body scanner. Using a 1.5T scanner, DWI was obtained by using single-shot echo-planar imaging with sampling of the entire diffusion tensor. Six high-b-value images corresponding to diffusion measurements in different-gradient directions were acquired followed by a single low-b-value image. The high b-value was 1000 s/mm 2 , and the low b-value was 0 seconds/ mm 2 . Imaging parameters were a TR of 5 seconds, a TE of 90 ms, an FOV of 22 ϫ 22 cm, image matrix of 128 ϫ 128 pixels, section thickness of 5 mm with a 1-mm gap, 23 axial sections, 5 signal intensity averages. Isotropic DWI was reviewed. T1WI with and without gadolinium was acquired with a TR of 450 ms, effective TE of 20 ms, FOV of 20 cm, image matrix of 256 ϫ 256 pixels, section thickness 5 mm with a 1-mm gap, and 1 signal intensity average. Fast spin-echo T2WI was acquired with a TR of 5700 ms, effective TE of 110 ms, FOV of 20 cm, image matrix of 512 ϫ 512 pixels, section thickness of 5 mm with a 1-mm gap, and 1 signal intensity average. FLAIR images were acquired with a TR of 9002 ms, effective TE of 138 ms, an FOV of 20 cm, image matrix of 256 ϫ 256 pixels, section thickness 5 mm with a 1-mm gap, and 1 signal intensity average.
RNBS acquisition was performed 3 hours after the intravenous administration of 20 mCi of technetium Tc99m methylene diphosphonate by a gamma camera with anterior and posterior whole-body acquisition of 2,700,000 counts for a 1200-second duration at a 256 ϫ 1024 image matrix with a 2.4-mm pixel size and spot images of the skull of 1,000,000 counts for a 260-second duration at a 256 ϫ 256 image matrix with a 2.4-mm pixel size.
Image Interpretation
Two blinded readers each reviewed independently and in randomized order the DWI of each of the 75 patients in succession. The DWI was read as positive or negative for focal skull hyperintense signal and then correlated with the RNBS to confirm the position of the findings.
Subsequently, at a separate time point, each reader reviewed the conventional MR imaging of each of 75 patients, including T1WI without and with gadolinium, T2WI, and FLAIR imaging. The conventional MR imaging was read as positive or negative for a T1 hypointense, FLAIR, and T2 variable signal intensity (hypointense for prostate metastases but hyperintense for lung metastases) and enhancing skull lesions and then was correlated with RNBS to confirm the position of the findings. A kappa statistic was determined between the 2 readers. 20 If the DWI or conventional MR imaging was read as abnormal in a different location than that in which the lesion was identified on the RNBS, the DWI or conventional MR imaging was recorded as a falsepositive. The lesions were quantified on a per-patient basis so that if the RNBS showed more than 1 lesion and the DWI or conventional MR imaging detected only 1 lesion, a positive result for DWI or conventional MR imaging was assumed.
Data Analysis
The sensitivity and specificity were determined for the DWI detection of RNBS-positive skull metastasis for both readers. The overall group was analyzed, and then each cancer type was analyzed. was obtained for all groups to determine qualitatively the degree of agreement beyond chance for the 2 readers. 20 This methodology was repeated for the conventional MR imaging detection of RNBS-positive skull metastasis for both readers. Then, the results of both DWI and conventional MR imaging studies were compared, including assessment for whether 1 of the imaging methods offered greater sensitivity for focalversus-diffuse metastases. To determine whether the sensitivity of DWI-versus-conventional images for the detection of bone metastases was statistically significantly different, we performed the McNemar test for comparison of success rates in paired data.
Results
The sensitivity and specificity of DWI for detecting skull metastasis for all types of primary malignancy were 68.4%-71.1% and 83.8%-91.9% ( ϭ 0.68), respectively ( Table 1) (Fig 1) . was consistent with a substantial degree of agreement beyond chance between the 2 readers for the DWI detection of skull metastasis from all types of primary malignancy. For the gold standard RNBS, the was 1, consistent with perfect agreement. When categorized by type of primary malignancy, breast cancer was detected on DWI of the skull with greatest sensitivity with a sensitivity and specificity of 86.7%-93.3% and 80%-100%, respectively (Table 1) . showed an almost perfect degree of agreement between the readers for breast carcinoma ( ϭ 0.80). Lung cancer was detected on DWI with the next highest sensitivity with a sensitivity and specificity of 63.6%-72.7% and 76.2%-85.7%, respectively, and showed a moderate degree of agreement (0.56). DWI was least sensitive for detecting prostate metastasis (sensitivity of 14.3% and specificity of 100%) with showing a moderate degree of agreement (0.50).
Fifteen of the 75 patients had less common primary tumors, 5 of whom had skull metastasis on RNBS and 10 of whom were control subjects (Table 1) . Less common tumor types included genitourinary and gastrointestinal tumors, with 5 and 4 subjects respectively. Ewing sarcoma, lymphoma, myxoid chondrosarcoma, squamous cell cancer from the head and neck, and thymic and undifferentiated cancer were each represented by a single subject.
Comparison was then made between DWI and conventional MR imaging (Table 2) in the detection of skull metastases. The overall DWI sensitivity was improved relative to conventional MR imaging sensitivity for detecting skull metastases (68.4%-71.2% versus 42.1%-55.3%), though the difference reached statistical significance with P Ͻ .05 only for reader 2. There was a substantial degree of agreement between the readers for both the DWI ( ϭ 0.68) and conventional MR imaging ( ϭ 0.65) analysis.
The sensitivity for detecting breast and lung cancer was increased by using DWI relative to conventional MR imaging (86.7%-93.3% versus 60%-80% for breast cancer and 63.6%-72.7% versus 27.3%-36.4% for lung cancer), whereas for prostate cancer, conventional MR imaging was more sensitive than DWI for 1 of the readers. The other reader detected prostate metastasis with equally low sensitivity for both DWI and conventional MR imaging.
For the less common tumor types, DWI increased the sensitivity of skull metastasis detection over conventional MR imaging from 40%-60% to 80%-100%, with an almost perfect (0.87).
The overall conventional MR imaging specificity was higher than that of DWI for detecting skull metastases (97.3%-100% versus 83.8%-91.9%). For breast cancer, conventional MR imaging was 100% specific for both readers. However, DWI was 80%-100% specific, and for lung cancer, conventional MR imaging was again 100% specific for both, whereas DWI was 76.2%-85.7% specific. The specificity of both imaging techniques for prostate cancer was 100%. For other cancer types, both techniques had similar specificities (90%-100% for conventional MR imaging and 100% for both readers for DWI).
DWI and conventional MR imaging were compared for the detection of focal-versus-diffuse metastasis (Table 3) . DWI demonstrated improved detection of focal metastasis relative to conventional MR imaging (57.7%-61.5% versus 30.8%-38%). Both DWI and conventional MR imaging offered approximately equal sensitivity for detecting diffuse metastasis.
Discussion DWI provides important information in patients with cancer outside the CNS not available on conventional MR imaging sequences. In patients being screened for brain metastasis, DWI improved the detection of all types of skull metastasis over conventional MR imaging by 21.1%. When categorized by primary tumor type, DWI improved the detection of breast cancer metastasis by 20%, and for lung cancer, by 36.3%. DWI did not improve the detection of prostate metastasis. DWI was most useful for detecting focal metastases, especially in areas with complex anatomy and multiple different normal signal intensities, such as the supraorbital region and the skull base. DWI likely offers improved detection of lytic skull metastasis compared with conventional MR imaging sequences due to an increased contrast-to-noise ratio. DWI images are exponentially diffusion-weighted and linearly T2-weighted. Lytic metastases are likely very hyperintense on DWI sequences because dense cell packing in highly malignant tumors markedly decreases the diffusion of water 8 and because lytic metastases are typically hyperintense on T2WI. Furthermore, the background normal skull bones are markedly hypointense: the intradiploic fat is hypointense because echo-planar sequences are typically obtained with fat suppression. Cortical bone is hypointense because there are not enough mobile protons to measure a diffusion coefficient.
DWI is not helpful relative to conventional MR imaging for detecting skull metastases in some circumstances: when the primary lesion is prostate carcinoma or when the skull metastases are diffuse. Prostate metastases are primarily sclerotic. Sclerotic lesions contain increased bone matrix that does not have enough mobile protons to measure a diffusion coefficient. Therefore, similar to adjacent normal bone, prostate metastases are very hypointense on DWI. Diffuse metastases, due to their extensive replacement of normal marrow, are detected with high sensitivity on conventional MR images, and the increased contrast to noise afforded with DWI is not needed for their detection.
The improved detection of skull metastasis with DWI has clinical importance. Given that the skull is the only site of skeletal metastasis in up to 11.6% of cancer patients, 2 a diagnostic study with improved sensitivity for skull lesions is a valuable tool in cancer detection in patients undergoing brain MR imaging for indications other than cancer evaluation and who may not have had a previous RNBS. Although many skull metastases are clinically asymptomatic, detection of skull base metastases in the region of cranial nerve foramina is particularly important. DWI may help determine the exact lesion location seen on RNBS that is not evident in retrospect on conventional MR imaging. Early detection of metastases near cranial nerve foramina and of metastases adjacent to dural sinuses may allow early treatment with focal irradiation and preservation of neurologic function. Furthermore, DWI may help differentiate nerve compression due to skull base metastases from nerve injury due to leptomeningeal metastases. In addition, DWI has the potential to be useful in monitoring therapy in patients with infiltrative marrow disease. 21 For example, Byun et al 22 assessed 23 patients with diffuse vertebral body metastases who clinically improved following radiation therapy to the spine. There was significant decrease in signal intensity on DWI with associated increase in apparent diffusion coefficient values.
Limitations of this study include using RNBS as the gold standard for selecting patients with skull metastasis. The high, but not perfect, sensitivity of the gold standard RNBS for metastatic disease of approximately 92.5% 23 excludes from the study those types of metastases not detected by RNBS. We evaluated a relatively small number of bone metastases from each separate primary tumor. It is unclear whether our results for specific tumors will be validated with larger numbers. The specificity of DWI for skull metastasis detection is lower than that of conventional MR imaging; therefore, DWI has a higher false-positive rate. Potential sources of false-positive findings on RNBS and DWI are benign lesions such as fibrous dysplasia. The T2WI and gadolinium-enhanced T1WI were not fatsaturated, a technique that may improve the sensitivity of conventional MR imaging scans for the detection of skull metastases. Our results could depend on lesion size that was not measured. The control subjects were not matched for age or primary malignancy. During the up to 6-week interval between RNBS and MR imaging, a new metastasis could develop. Furthermore, because this is a retrospective study performed over a 6-year time span, the studies were performed with different hardware and software that have gradually improved with time.
Conclusion
DWI improves the detection of focal skull metastases for breast and lung malignancies. DWI is insensitive for the detection of skull metastases from prostate carcinoma. MR imaging is routinely obtained in cancer patients to detect intracranial metastasis and to detect other important neurologic conditions such as infection and infarction. Furthermore, DWI is cost-effective, requiring only 32 seconds to perform. Therefore, given the clinical relevance of detecting skull metastasis, we believe that DWI should be performed in every cancer patient undergoing brain MR imaging. 
